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Abstract
Introduction: This study compared the canal curvature
and axis modification after instrumentation with Wave-
One Primary reciprocating files (Dentsply Maillefer, Bal-
laigues, Switzerland) and nickel-titanium (NiTi) rotary
ProTaper (Dentsply Maillefer). Methods: Thirty ISO
15, 0.02 taper, Endo Training Blocks (Dentsply Maillefer)
were used. In all specimens, the glide path was achieved
with PathFile 1, 2, and 3 (Dentsply Maillefer) at the
working length (WL). Specimens were then assigned
to 1 of 2 groups for shaping: specimens in group 1
were shaped with ProTaper S1-S2-F1-F2 at the WL
and specimens in group 2 were shaped with WaveOne
Primary reciprocating files at the WL. Pre- and postin-
strumentation digital images were superimposed and
processed with Matlab r2010b (The MathWorks Inc, Na-
tick, MA) software to analyze the curvature-radius ratio
(CRr) and the relative axis error (rAe), representing canal
curvature modification. Data were analyzed with one-
way balanced analyses of variance at 2 levels (P <
.05). Results: The instrument factor was extremely
significant for both the CRr parameter (F1 = 9.59, P =
.004) and the rAe parameter (F1 = 13.55, P = .001).
Conclusions: Canal modifications are reduced when
the new WaveOne NiTi single-file system is used. (J En-
dod 2012;38:505–509)
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Root canal shaping is one of the most important steps in canal treatment (1). It isessential in determining the efficacy of all subsequent procedures, including chem-
ical disinfection and root canal obturation (2). However, even if this stage is adversely
influenced by the highly variable root canal anatomy (3), it aims to achieve complete
removal of the vital or necrotic tissue to create sufficient space for irrigation (2, 4).
Furthermore, shaping tends to preserve the integrity and location of the canal and
apical anatomy in preparation for an adequate filling (2, 5, 6). The avoidance of
both iatrogenic damage to the root canal structure and further irritation of the
periradicular tissue is demanding for all the newest instrumentation techniques
(2, 7). Maintaining the original canal shape using a less invasive approach is
associatedwith better endodontic outcomes (1). Previous studies have shown that canal
transportation leads to inappropriate dentine removal, with a high risk of straightening
the original canal curvature and forming ledges in the dentine wall (8, 9). Nickel
titanium (NiTi) rotary instruments have shown efficiency in achieving optimal root
canal shaping (1, 10), with less straightening and better centered preparations of
curved root canals (2). The superelasticity of NiTi rotary files may allow less lateral
forces to be exerted against the canal walls, especially in severely curved canals,
reducing the risk of canal aberrations and better maintaining the original canal shape
(1, 11). However, in clinical practice, these instruments may be subjected to fracture,
mainly because of flexural (fatigue fracture) and torsional (shear failure) stresses
(12–14). Torsional stresses may be increased with a wide area of contact between
the canal walls and the cutting edge of the instrument (3, 15). To reduce such
stresses, the ProTaper rotary design combines multiple progressive tapers,
adequately maintaining the original canal curvature (1, 16, 17). Canal curvature is
suspected to be the predominant risk factor for instrument failure because of
flexural stresses and cyclic fatigue (1–3). The clinician can do very little to prevent
or reduce such stresses. The reciprocating motion of the NiTi rotary instrument has
been shown to decrease the impact of cyclic fatigue compared with rotational
motion (18–20). Therefore, it has been recently proposed that the single-file shaping
technique may simplify instrumentation protocols and avoid the risk of cross-
contamination. Moreover, the use of only one NiTi instrument is more cost-effective,
and the learning curve is considerably reduced (20).
The newWaveOne NiTi single-file system has been recently introduced by Dentsply
Maillefer (Ballaigues, Switzerland) (21). The system is designed to be used with a dedi-
cated reciprocating motion motor. It consists of 3 single-use files: small (ISO 21 tip and
6% taper) for fine canals, primary (ISO 25 tip and 8% taper) for the majority of canals,
and large (ISO 40 and 8% taper) for large canals. The files are manufactured with M-
Wire (Dentsply Tulsa Dental Specialties, Tulsa, OK) NiTi alloy (22). The WaveOne
Primary file has the same tip size and taper features as the ProTaper F2 but a variable
section and reverse cutting blades. The purpose of this study was to compare the ability
of the WaveOne Primary file with the ProTaper system up to F2 rotary file in preserving
canal anatomy.
Materials and Methods
Thirty ISO 15, 0.02 taper, Endo Training Blocks (Dentsply Maillefer) were used.
Each simulated canal was colored with ink injected with a syringe. In each block, land-
marks were placed 3 mm from the 4 corners of the side of interest. Each specimen was
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mounted on a stable support consisting of a rectangular slot the size of
the specimen (30 10 mm) and a support for a digital camera (Nikon
D70; Nikon, Tokyo, Japan) positioned centrally and at 90 to the spec-
imen. Digital images of all specimens before instrumentation were ob-
tained and saved as JPEG files. Specimens were then randomly assigned
to 2 different groups (n = 15 each).
In group 1, the glide path was created with PathFile 1, 2, and 3
(Dentsply Maillefer) at the full working length (WL) using Glyde (Dents-
ply Maillefer) as the lubricating agent. Each canal was shaped using Pro-
Taper S1-S2, and then the WL was checked and shaping was
accomplished with F1-F2 at the WL with the X-Smart motor (Dentsply
Maillefer) set to 300 rpm and a 5-Ncm torque with a 16:1 contra-
angle. Canal patency was checked with a #10 K-file (Dentsply Maillefer)
before the glide path, after the glide path, before using ProTaper S1, and
after ProTaper S2 but before using the F1-F2 finishing files.
In group 2, the glide path was created with PathFile 1, 2, and 3 at
the full WL by using Glyde as the lubricating agent. Canals were shaped
with WaveOne Primary reciprocating files using a pecking motion. The
WL was checked when the instrument had reached the limit between the
middle and apical third, and then shaping was accomplished at that the
definitive WL. The dedicated reciprocating motor (Dentsply Maillefer)
of the WaveOne file was used with themanufacturer configuration setup.
Canal patency was checked with a #10 K-file (Dentsply Maillefer) before
the glide path, after the glide path, and before using WaveOne Primary,
and when WaveOne Primary had reached the limit between the middle
and the apical third before completing shaping at the full WL.
All specimens were prepared by the same expert operator who is
competent in both instrumentation techniques. New instruments were
used in each specimen. After use, each instrument was observed under
a magnification of 3.5 loupes by a different expert operator and
compared with a new instrument in order to detect any macroscopic
deformation. After instrumentation, all specimens in each group were
repositioned in the slot and photographed as described previously.
By using digital imaging software (Adobe Photoshop CS4; Adobe
Systems Inc, San Jose, CA), the preinstrumentation digital images
were superimposed on the postinstrumentation images, taking the land-
marks as reference points (Fig. 1, Stage 1). Images were magnified and
cropped to focus on the canal geometry. The edges of each preinstru-
mented (initial) and postinstrumented (final) canal were automatically
detected by means of Adobe Photoshop automatic tools, and the edges
of each initial canal were processed separately from the edges of the
corresponding final canal. The area within edges was colored in white,
whereas the area outside the edges was colored in black. Images were
finally saved in a black and white .tiff format (Fig. 1, Stage 2).
Black and white images were then imported inMatlab r2010b soft-
ware (The MathWorks Inc, Natick, MA) for mathematic processing. A
software program was written in Matlab code in order to automatically
(1) identify the mean axis of each canal (Fig. 1, Stage 3) and (2) deter-
mine the osculating circle that best fits the mean axis of each canal
(Fig. 1, Stage 4).
In particular, an arc corresponding to 45 was considered for the
optimal fit algorithm, and the correlation coefficients were larger than
99.99%. By considering the fitted osculating circles, both the curvature
radius of each initial canal (CRi) and the curvature radius of the corre-
sponding final canal (CRf) were obtained, and the geometric parameter
called the curvature-radius ratio (CRr) was computed for each canal as
CRr = 100 $ CRf/CRi. The closer the CRr parameter is to the value 100,
the smaller the canal shapemodifications caused by the instrumentation.
As shown in Figure 2, another geometric parameter identified
as the relative axis error (rAe) was computed in order to better
investigate canal modifications induced by instrumentation. In partic-
ular, to obtain the value of rAe for each canal, the following actions
were performed: (1) superimposition of the initial and the final
osculating arcs; (2) determination of Dq (ie, the angle with vertex
in the center of the initial osculating circle for which both the initial
and the final osculating arcs coexist; (3) numeric computation of the
axis error (Ae) (ie, the area enclosed by the initial and the final
osculating arcs [Fig. 2, magnification]); and (4) computation of
rAe as rAe = 100 $ Ae/CSi, where CSi denotes the circular sector
corresponding to Dq (ie, CSi = CRi2 $ Dq/2). Therefore, the
smaller the rAe, the less the canal shape had been modified by
instrumentation.
Figure 1. A schema to determine the CRr parameter.
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Two, 1-way balanced analyses of variance were performed to
investigate canal modifications induced by instrumentation and evaluate
the significance of the instrument factor at 2 levels (PT and W1) both on
CRr and on rAe. The significance level was set to 5% (P< .05). All statis-
tical analyses were performed by using the Minitab 15 software package
(Minitab Inc, State College, PA).
Results
The instrument factor was extremely significant for both the CRr
parameter (F1 = 11.16, P = .002) and the rAe parameter
(F1 = 12.18, P = .002). The interval plots for the CRr parameter
(Fig. 3A) and the rAe parameter (Fig. 3B) graphically confirmed statis-
tical significance of the instrument factor. Moreover, if the instrument
factor is at level WaveOne (W1), then the CRr parameter is closer to
the value 100 and the rAe parameter to the value 0 (ie, if WaveOne is
used, the canal modifications seem to be significantly reduced). No
macroscopic deformations or fractures of any instrument, mechanical
or manual, occurred during the experiment.
Discussion
The purpose of this study was to compare the ability of 2 NiTi
instruments, the WaveOne Primary and the ProTaper system used up
to F2 rotary file, in preserving original canal anatomy. The WaveOne
Primary and the ProTaper F2 have different sections but an identical
taper and tip diameter. The WaveOne Primary has a reverse cutting
blades design (21). They were used with the following motions: recip-
rocating motion for the WaveOne Primary and rotary motion for the
Protaper system. In this study, geometric variations of canal curvature
in the middle plane of standardized resin blocks were analyzed through
a 2-dimensional (2D) photographic method. Simulated root canals
have been widely used to allow a direct analysis of post-
instrumentation changes in canal curvature and thus to evaluate the
tendency of these techniques to maintain the original canal anatomy
under standardized conditions (23). It has recently been suggested
that micro–computed tomographic 3-dimensional (3D) analysis is
more discriminative of changes in the canal spaces associated with
repeated instrument use than photographic measurements; however,
volumetric changes only were assessed, and possible geometric
Figure 2. A schema to determine the rAe parameter.
Figure 3. (A) The interval plot for the CRr parameter; 95% confidence intervals for the mean. (B) The interval plot for the rAe parameter; 95% confidence
intervals for the mean.
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changes were not analyzed (24). 3D analysis is determinant in the study
of the variability of human teeth root canal anatomy with 3D develop-
ment of the canal path (1).
Previous studies have shown that preserving the original canal
shape with a less invasive approach minimizes the risk of canal trans-
portation with a subsequently lower incidence of canal curvature
straightening, the formation of ledges, and irregular apical enlargement
(8, 9). The prevention of apical transportation and irregular foramen
widening may also lead to a well-sealed root filling with less extrusion
of debris and reduced postoperative discomfort (1, 7, 25). Preservation
of the original canal shape and the lack of canal aberrations are
associated with increased antimicrobial and sealing efficiency (5)
and reduced weakening of the tooth structure (6). Besides canal
anatomy, other factors contribute to optimal mechanical instrumenta-
tion outcomes, such as instrument design, instrumentation sequence,
rotational speed, operator’s experience, and the use of irrigants
(1, 26). Several studies showed that the use of NiTi rotary
instruments enabled more predictable and efficient canal preparation
with less procedural errors, particularly in narrow and severe curved
canals, compared with hand instrumentation (10, 27, 28). Recently,
a new WaveOne NiTi single-file reciprocating system has been intro-
duced to simplify root canal preparation (20). Only one single shaping
file is required to provide the canal with an adequate size and taper. The
main characteristics of this system are single use, a reciprocating action,
and M-Wire technology alloy manufacturing. The use of a single Pro-
Taper F2 used in a reciprocatingmotion to reach an adequate root canal
shaping has been previously investigated (29). On engagement with the
root canal wall, the counter-clockwise rotation disengages the instru-
ment, promoting a safer use of single-file instruments in curved canals
(29). An alternating motion was introduced to reduce excessive
torsional stresses induced by rotary instrumentation with a single-file
technique (19). The reciprocating movement promoted an extended
cyclic fatigue life of F2 ProTaper instruments when compared with
the conventional rotary motion (20). The single-file F2 ProTaper alter-
nating technique showed similar shaping outcomes compared with the
ProTaper full-sequence rotary approach up to F2. However, the single-
file technique gave markedly faster results (30). Furthermore, the
reciprocating motion has been significantly correlated to a more
centered preparation compared with continuous rotating motion as evi-
denced by an increased enlargement at the external side of the canal,
especially in the apical third (31). Moreover, the single-file technique
presented similar debridement quality in round canals compared with
the complete sequence of ProTaper rotary instruments regardless of the
reduced number of files (32).
The advantages of the reciprocating motion are based on the
physics law of action and reaction applied to root canal instrumentation,
which results in a balanced force, as theorized by Roane et al (33). This
concept, despite incomplete elucidation (34), has shown its clinical
relevance in severely curved canals (35). The reciprocating movement
minimizes torsional and flexural stresses, increases the canal centering
ability, and reduces the taper lock within the number of instrument
cycles within the root canal (35, 36). Recent studies showed that an
alternating rotary movement is a valid option to optimize endodontic
instrumentation by reducing the risk of instrument fracture and root
canal deformity (19). The use of the reciprocating motion instead of
the continuous rotation method could be advantageous in terms of
stresses and the time required for the preparation of curved root canals
with a single use of an NiTi file (18). In our study, the single-file tech-
nique used with the reciprocating motion enhanced the canal centering
ability, leading to less invasive root canal preparation. This outcome
may be particularly significant where dentine thickness is lower (37).
Furthermore, the WaveOne files are manufactured with the M-Wire
NiTi alloy (22), a novel variant NiTi alloy, composed of 508 nitinol,
under specific tension and heat treatments at various temperatures.
This alloy has been associated with an increase in cyclic fatigue of up
to 390% compared with the same instrument design produced from
stock 508 nitinol and maintained comparable torsional properties
(22). The single use of endodontic instruments was recently recom-
mended to decrease instrument fatigue and possible cross-
contamination (38), reducing the number of NiTi rotary instruments
required for canal preparation. The single-file technique was also sug-
gested as being cost-effective (29).
In conclusion, within the limits of this study, the newWaveOne NiTi
Primary reciprocating single-file better maintained the original canal
anatomy, with less modification of the canal curvature compared with
the ProTaper system up to F2. Further investigations are needed to
understand whether the better performance of the instrument may be
attributed to the reciprocating motion, the variable section design,
the M-Wire alloy or the reverse cutting blades, or a combination of these
variables.
Acknowledgments
The authors thank Dr Mario Alovisi (Lecturer at the Depart-
ment of Endodontics, University of Turin Dental School, Turin,
Italy) for his active cooperation and valuable support.
References
1. Peters OA. Current challenges and concepts in the preparation of root canal systems:
a review. J Endod 2004;30:559–67.
2. Hulsmann M, Peters OA, Dummer PMH. Mechanical preparation of root canals:
shaping goals, techniques and means. Endod Top 2005;10:30–76.
3. Peters OA, Peters CI, Sch€onenberger K, Barbakow F. ProTaper rotary root canal
preparation: assessment of torque and force in relation to canal anatomy. Int Endod
J 2003;36:93–9.
4. Schilder H. Cleaning and shaping the root canal. Dent Clin North Am. 1974;18:
269–96.
5. Wu MK, Fan B, Wesselink PR. Leakage along apical root fillings in curved root
canals. Part I: effects of apical transportation on seal of root fillings. J Endod
2000;26:210–6.
6. Moore J, Fitz-Walter P, Parashos P. A micro-computed tomographic evaluation of
apical root canal preparation using three instrumentation techniques. Int Endod
J 2009;42:1057–64.
7. Pak JG, White SN. Pain prevalence and severity before, during, and after root canal
treatment: a systematic review. J Endod 2011;37:429–38.
8. Loizides AL, Kakavetsos VD, Tzanetakis GN, Kontakiotis EG, Eliades G. A comparative
study of the effects of two nickel-titanium preparation techniques on root canal
geometry assessed by microcomputed tomography. J Endod 2007;33:1455–9.
9. Jafarzadeh H, Abbott PV. Ledge formation: review of a great challenge in endodon-
tics. J Endod 2007;33:1155–62.
10. Gambill JM, Alder M, del Rio CE. Comparison of nickel-titanium and stainless steel
hand-file instrumentation using computed tomography. J Endod 1996;22:369–75.
11. Coleman CL, Svec TA. Analysis of Ni-Ti versus stainless steel instrumentation in resin
simulated canals. J Endod 1997;23:232–5.
12. Alapati SB, Brantley WA, Svec TA, Powers JM, Nusstein JM, Daehn GS. SEM obser-
vations of nickel-titanium rotary endodontic instruments that fractured during clin-
ical use. J Endod 2005;31:40–3.
13. Berutti E, Chiandussi G, Gaviglio I, Ibba A. Comparative analysis of torsional and
bending stresses in two mathematical models of nickel-titanium rotary instruments:
ProTaper versus ProFile. J Endod 2003;29:15–9.
14. Parashos P, Messer HH. Rotary NiTi instrument fracture and its consequences.
J Endod 2006;32:1031–43.
15. Blum JY, Cohen P, Machtou P, Micallet JP. Analysis of forces developed during
mechanical preparation of extracted teeth using ProFile NiTi rotary instruments.
Int Endod J 1999;32:24–31.
16. Yun HH, Kim SK. A comparison of the shaping abilities of 4 nickeltitanium rotary
instruments in simulated root canals. Oral Surg Oral Med Oral Pathol Oral Radiol
Endod 2003;95:228–33.
17. Unal GC, Maden M, Savgat A, Onur Orhan E. Comparative investigation of 2 rotary
nickel-titanium instruments: protaper universal versus protaper. Oral Surg Oral
Med Oral Pathol Oral Radiol Endod 2009;107:886–92.
4
18. You SY, Bae KS, Baek SH, Kum KY, Shon WJ, Lee W. Lifespan of one nickel-titanium
rotary file with reciprocatingmotion in curved root canals. J Endod 2010;36:1991–4.
19. Varela-Pati~no P, Iba~nez-Parraga A, Rivas-Mundi~na B, Cantatore G, Otero XL, Martin-
Biedma B. Alternating versus continuous rotation: a comparative study of the effect
on instrument life. J Endod 2010;36:157–9.
20. De-Deus G, Moreira EJ, Lopes HP, Elias CN. Extended cyclic fatigue life of F2 Pro-
Taper instruments used in reciprocating movement. Int Endod J 2010;43:1063–8.
21. Webber J, Machtou P, Pertot W, Kuttler S, Ruddle C, West J. The WaveOne single-file
reciprocating system. Roots 2011;1:28–33.
22. Johnson E, Lloyd A, Kuttler S, Namerow K. Comparison between a novel nickel-
titanium alloy and 508 nitinol on the cyclic fatigue life of ProFile 25/.04 rotary
instruments. J Endod 2008;34:1406–9.
23. Merrett SJ, Bryant ST, Dummer PM. Comparison of the shaping ability of RaCe and Flex-
Master rotary nickel-titanium systems in simulated canals. J Endod 2006;32:960–2.
24. Ounsi HF, Franciosi G, Paragliola R, et al. Comparison of two techniques for assess-
ing the shaping efficacy of repeatedly used nickel-titanium rotary instruments.
J Endod 2011;37:847–50.
25. Siqueira JF Jr, Ro^c¸as IN, Favieri A, et al. Incidence of postoperative pain after intra-
canal procedures based on an antimicrobial strategy. J Endod 2002;28:457–60.
26. Karabucak B, Gatan AJ, Hsiao C, Iqbal MK. A comparison of apical transportation
and length control between EndoSequence and Guidance rotary instruments.
J Endod 2010;36:123–5.
27. Berutti E, Cantatore G, Castellucci A, et al. Use of nickel-titanium rotary PathFile to
create the glide path: comparison with manual preflaring in simulated root canals.
J Endod 2009;35:408–12.
28. Glossen CR, Haller RH, Dove SB, del Rio CE. A comparison of root canal prepara-
tions using Ni-Ti hand, Ni-Ti engine-driven, and K-Flex endodontic instruments.
J Endod 1995;21:146–51.
29. Yared G. Canal preparation using only one Ni-Ti rotary instrument: preliminary
observations. Int Endod J 2008;41:339–44.
30. Paque F, Zehnder M, De-Deus G. Microtomography-based comparisons of recipro-
cating single-file F2 ProTaper technique versus rotary full sequence. J Endod 2011;
37:1394–7.
31. Franco V, Fabiani C, Taschieri S, Malentacca A, Bortolin M, Del Fabbro M. Investi-
gation on the shaping ability of nickel-titanium files when used with a reciprocating
motion. J Endod 2011;37:1398–401.
32. De-Deus G, Barino B, Zamolyi RQ, et al. Suboptimal debridement quality produced
by the single-file F2 ProTaper technique in oval-shaped canals. J Endod 2010;36:
1897–900.
33. Roane JB, Sabala CL, Duncanson MG Jr. The ‘‘balanced force’’ concept for instru-
mentation of curved canals. J Endod 1985;11:203–11.
34. Kyomen SM, Caputo AA, White SN. Critical analysis of the balanced force technique
in endodontics. J Endod 1994;20:332–7.
35. Southard DW, Oswald RJ, Natkin E. Instrumentation of curved molar root canals
with the Roane technique. J Endod 1987;13:479–89.
36. Roane JB, Sabala C. Clockwise or counterclockwise. J Endod 1984;10:349–53.
37. Berutti E, Fedon G. Thickness of cementum/dentin in mesial roots of mandibular
first molars. J Endod 1992;18:545–8.
38. Azarpazhooh A, Fillery ED. Prion disease: the implications for dentistry. J Endod
2008;34:1158–66.
5
